Bacterial community dynamics of a whole drinking water supply system (DWSS) were studied from source to tap. Raw water for this DWSS is provided by two reservoirs with different water characteristics in the Harz mountains of Northern Germany. Samples were taken after different steps of treatment of raw water (i.e., flocculation, sand filtration, and chlorination) and at different points along the supply system to the tap. RNA and DNA were extracted from the sampled water. The 16S rRNA or its genes were partially amplified by reverse transcription-PCR or PCR and analyzed by single-strand conformation polymorphism community fingerprints. The bacterial community structures of the raw water samples from the two reservoirs were very different, but no major changes of these structures occurred after flocculation and sand filtration. Chlorination of the processed raw water strongly affected bacterial community structure, as reflected by the RNA-based fingerprints. This effect was less pronounced for the DNA-based fingerprints. After chlorination, the bacterial community remained rather constant from the storage containers to the tap. Furthermore, the community structure of the tap water did not change substantially for several months. Community composition was assessed by sequencing of abundant bands and phylogenetic analysis of the sequences obtained. The taxonomic compositions of the bacterial communities from both reservoirs were very different at the species level due to their different limnologies. On the other hand, major taxonomic groups, well known to occur in freshwater, such as Alphaproteobacteria, Betaproteobacteria, and Bacteroidetes, were found in both reservoirs. Significant differences in the detection of the major groups were observed between DNA-based and RNA-based fingerprints irrespective of the reservoir. Chlorination of the drinking water seemed to promote growth of nitrifying bacteria. Detailed analysis of the community dynamics of the whole DWSS revealed a significant influence of both source waters on the overall composition of the drinking water microflora and demonstrated the relevance of the raw water microflora for the drinking water microflora provided to the end user.
Outbreaks of waterborne infectious diseases via the use of contaminated drinking water still pose a serious health threat worldwide, despite the fact that drinking water is one of the most closely monitored and strictly regulated resources. Careful estimates indicate that each year about 350 million people are infected by waterborne pathogens, with 10 to 20 million succumbing to severe cases of infection (45) . This phenomenon is far from being restricted to developing countries but also threatens developed countries. In the United States, almost 430,000 cases were reported in 126 outbreaks of waterborne infectious diseases from 1991 to 1999 (1) .
Production of drinking water complying with international quality standards does not necessarily ensure good drinking water for the consumer (2) . The occurrence of bacterial regrowth may multiply adverse effects in drinking water distribution systems. Composition of the autochthonous microbial community may promote the survival and growth of hygienically relevant and potentially pathogenic bacteria (18) . In addition, the autochthonous microflora could sustain the growth of protozoa and metazoa (e.g., crustacean) that are visible (9, 38) or may have adverse effects on the taste of the drinking water (22) . Key factors influencing regrowth of heterotrophic bacteria in a drinking water supply system (DWSS) are (i) concentration of organic compounds, (ii) chlorine concentration, (iii) residence time of the water in the distribution system, (iv) water temperature, and (v) physicochemical characteristics of the material lining the distribution pipes (23) .
Several studies using cultivation-based approaches helped to characterize some bacteria residing in bulk water (25, 42) or in biofilms at various points in the DWSS (17, 19) . In general, heterotrophic plate counts (HPC) are used to assess the overall bacterial quality of drinking water (32) . However, the majority of bacterial cells in natural communities are either nonculturable by current cultivation methods or are present in a viablebut-nonculturable state (24, 39) . Thus, the real composition and dynamics of bacterial communities in drinking water distribution systems are far from being assessed and understood in detail.
Molecular biology methods now provide tools to elucidate dynamics of microbial communities residing in various aquatic environments (10, 14, 21) . These methods have in common that they are based on the molecular analysis of environmental nucleic acids with respect to their rRNA or rRNA genes. These approaches exploit the utility of rRNA as a stable taxonomic marker for microorganisms (47) . Although being widely used in many habitats, it was not until recently that these molecular approaches also had been applied to DWSSs (4, 35) . The study of community dynamics of the microflora from a DWSS could provide a basic understanding of the effects of processing, such as flocculation and sand filtration, chlorination, and storage plus transportation on the structure and composition of the drinking water microflora.
In the present study, we assessed the structure and composition of microbial communities in a modern European DWSS using single-strand conformation polymorphism (SSCP) fingerprinting of 16S rRNA and its genes (36) based on nucleic acids extracted from a set of water samples. Inclusion of two surface reservoirs with very different drainage basins resulting in different levels of water quality should allow the study of the impact of different source water on the drinking water microflora. New insights into the microbial ecology of DWSSs are provided by a detailed evaluation of bacterial communities at different sampling points throughout the system: i.e., from source to tap. By using DNA-and RNA-based fingerprints, the present and the active members were assessed, respectively. Subsequent sequencing of the electrophoretically separated amplification products allowed phylogenetic identification of the single members in each fingerprint. This approach enabled us to identify the origin of regrowing species: i.e., gave insights into the influences of different source waters, raw water processing methods, and transportation on the composition of microbial communities in tap water intended for human consumption.
MATERIALS AND METHODS
Study site and sampling of bacteria. Different samples of raw water and treated water were analyzed from the DWSS of the city of Braunschweig, Germany. The DWSS is operated by the Harzwasserwerke GmbH Corporation, Germany. This water supply company has an average output of about 80 million m 3 of drinking water per year and provides drinking water for about two million people. The two surface water reservoirs, the Grane (G) and Ecker (E) reservoirs, which provide raw water for the DWSS of Braunschweig, are located in the northern part of the Harz mountain range 40 km south of Braunschweig (Fig. 1) . The oligotrophic Grane reservoir has a maximum retention capacity of 46.4 million m 3 . The collection of aerobic raw water is located at a depth of 50 m (sampling site G in Fig. 1, sample GR1) . The water has an average pH of 7.2. The Ecker reservoir consists of dystrophic water with a mean pH of 5.2 and has a maximum storage capacity of 13.3 million m 3 . The aerobic raw water is collected at a depth of 58 m (sampling site E, sample ER1). Actual data on the raw water chemistry are summarized in Table 1 . At both reservoirs, the obtained raw water is processed using coagulation-flocculation and sand barriers for particle elimination (sampling sites G and E; samples for processed raw water GR2 and ER2, respectively). Depending on the amount of dissolved organic carbon (DOC) of the processed waters, chlorination is performed by addition of 0.2 to 0.3 mg or 0.6 to 0.7 mg chlorine per liter of water originating from the Grane or Ecker reservoir, respectively. After treatment of the raw water by physical and chemical means, pipe systems lead from both reservoirs to the Lewerberg (Lb) storage container, where both waters are mixed. During the first half of 2003, this mixed water consisted of about 77% water from the Grane reservoir and 23% water from the Ecker reservoir, with very little variability (less than 3%). From here, the mixed water is transported to the Lindenberg (Li) storage container, directly located at the southern outskirts of Braunschweig, to which the local drinking water supply net is connected, including the sampled tap water source at the institute. The drinking water (DW) has an average flow time of about 36 to 48 h from the source until it reaches the tap at the institute (GBF).
Twenty-liter bulk water samples were sampled in autoclaved glass bottles on 11 June 2003 at the various sampling points of the distribution system (Fig. 1) . Within less than 4 h after sampling, microorganisms were harvested by filtration of 3 liters of water (three replicates for each sampling site and date) on a filter sandwich consisting of a 0.2-m-pore-size polycarbonate filter (90-mm diameter; Nuclepore; Whatman, Maidstone, United Kingdom) with a precombusted glass fiber filter on top (90-mm diameter; GF/F; Whatman) (3). After filtration, filter sandwiches were stored at Ϫ70°C until further analysis.
Nucleic acid extraction and quantification. Nucleic acid extraction from frozen filters was performed as described previously by a method that utilizes a pH shift for parallel extraction of RNA and DNA from the same filter sandwich (44) . Nucleic acid concentrations were determined by spectrophotometric fluorescence (43) ducing the yield of total DNA, this additional purification step substantially increased the PCR efficiency for the DNA extracted. Amplification of 16S rRNA and of 16S rRNA genes from environmental samples. PCR amplification of 16S rRNA and of its respective genes from the obtained environmental nucleic acid extracts were performed using the previously described primers COM1 (5Ј-CAGCAGCCGCGGTAATAC-3Ј) and COM2 (5Ј-CCGTCAATTCCTTTGAGTTT-3Ј), amplifying positions 519 to 926 of the Escherichia coli numbering of the 16S rRNA gene (36) , with the modification of using a 5Ј-biotin-labeled forward primer for improved separation (see below). From RNA, reverse transcription-PCR (RT-PCR) amplification of 16S rRNA was achieved using the One Step RT-PCR system (Roche Diagnostics) following the manufacturer's recommendations. Each amplification was carried out using 5 ng RNA template in a final volume of 50 l, starting with the RT step for 30 min at 60°C and an initial denaturation for 5 min at 95°C. A total of 30 cycles (30s at 95°C, 30s at 55°C, and 1 min at 72°C) was followed by a final extension for 10 min at 72°C. Amplification of 16S rRNA genes from Wizard purified DNA extracts was achieved using HotStarTaq DNA polymerase (QIAGEN, Hilden, Germany) and the same cycling conditions as described above with an increased initial denaturing time (15 min).
16S ribosomal complementary DNA and 16S rRNA gene community fingerprints. An alternative procedure for preparation of single-stranded DNA (ssDNA) compared to the previously described protocol (36) was used to improve separation and sequencing of the ssDNA. We used a 5Ј-biotinylated forward primer, COM1, instead of a 3Ј-phosphorylated reverse primer, COM2. We used magnetic streptavidin beads (Promega, Madison, Wis.) to obtain ssDNA from the amplicons of PCR and RT-PCR. For preparation of the magnetic beads, 47 l of bead solution per amplification mixture was washed three times and then resuspended in 25 l of 0.5ϫ SSC (1ϫ SSC consists of 15 mM sodium citrate and 150 mM sodium chloride). Twenty-three microliters of the suspension of prepared beads was added to each completed PCR, and binding of the biotin-labeled amplification products to the streptavidin beads was achieved by incubation at 22°C for 75 min in a thermomixer (350 rpm). After consecutive washing steps for 2 min with 60 l of 0.1ϫ SSC, the dsDNA was denatured by incubation for 10 min with 0.2 N NaOH at room temperature. These conditions did not affect the biotin-streptavidin binding of the labeled strand band but allowed the nonlabeled strand to dissolve, which was then decanted with the supernatant. After being washed twice with 60 l of 0.1ϫ SSC, the biotin-labeled ssDNA was eluted from the streptavidin beads by a final incubation for 10 min at 65°C in 22 l molecular biology-grade water (diethyl pyrocarbonate treated; Bio-Rad) and finally transferred to fresh sterile microtubes. Quantification of the obtained ssDNA was performed on a 1.5% agarose gel by comparison with a low-molecular-weight marker (Invitrogen low-DNA-mass ladder).
For SSCP fingerprinting analysis, 90 ng of the obtained ssDNA was mixed with gel loading buffer (95% formamide, 10 mM NaOH, 0.25% bromphenol blue, 0.25% xylene cyanol) in a final volume of 8 l. After incubation for 3 min at 95°C, the ssDNA samples were stored on ice, loaded onto a nondenaturing polyacrylamide-like gel (0.6ϫ MDE gel solution; Cambrex BioScience, Rockland, Maine), electrophoretically separated at 20°C at 400 V for 18 h on a Macrophor sequencing apparatus (Pharmacia Biotech, Germany), and finally silver stained according to the method described by Schwieger and Tebbe (36) .
Data analysis of SSCP fingerprints. SSCP fingerprints were analyzed using the GelCompare II software package (Applied Maths, Kortrijk, Belguim) after digitalization of the SSCP gels by an Epson Expression 1600 Pro scanner. Only bands with an intensity of Ͼ0.1% of the total lane were considered for further statistical analysis. Similarity coefficients were calculated using Pearson correlation based on the densitometric curves of the lanes. Dendrograms were constructed based on the unweighted pair-group method using arithmetric averages.
Reamplification and sequencing of individual ssDNA bands from SSCP fingerprints. Reamplification of individual bands excised from SSCP gels using sterile scalpels was performed as described previously (28) . After elution of ssDNA from the acrylamide matrix at 95°C for 20 min in Tris buffer (10 mM Tris-HCl, 5 mM MgCl 2 , 5 mM KCl, 0.1% Triton X-100, pH 9), reamplification was achieved on 5 to 10 l of the band solution using the same primers and amplification conditions as described above for DNA. To control the reaction products for size and purity, 8 l was separated on a 1.5% agarose gel. The remaining reaction mixture was purified using the MinElute PCR purification kit, followed by cycle sequencing (ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit; Applied Biosystems, Foster City, Calif.) including the primers applied before. Sequencing products were purified using the BigDye purification kit (QIAGEN) prior to analysis on an ABI Prism 3100 Genetic Analyzer.
Comparative sequence analysis. The obtained sequences for both forward and reverse reactions were checked for accuracy using the Sequencher software package (www.genecodes.com). Sequences were then included in a local database containing every public 16S rRNA bacterial sequence already aligned and analyzed by phylogeny. Each band sequence was aligned and compared to its most similar sequences. A band sequence was rejected if it contained numerous errors (differences at positions otherwise conserved in every other sequence), if it was shorter than 250 nucleotides, and, finally, if it was suspected to be of chimeric origin (5Ј and 3Ј parts respectively closest to sequences having a different taxonomic designation). Every alignment was finally checked by eye using SeaView (7) . For the similarity tables, each band sequence was blasted (with options no filter and W ϭ 7) first against a database of sequences obtained from validly described species and second against the entire database of sequences. Sequence similarity values between two sequences were calculated as the numbers of identical nucleotides within obtained local alignments divided by the length of the shorter sequence, which therefore corresponds to the most conservative similarity estimate. For the closest described cultured species, we used an 80% limit because otherwise often the closest relatives are in different phyla. For each band sequence, public sequences with a similarity percentage above 95% were retained and the corresponding EMBL files were analyzed in order to identify the presence of various keywords that could indicate the origin of the sequence (such as "soil," "freshwater," "drinking water," etc.).
Phylogenetic analyses were conducted after assigning the single sequences to large taxonomic units such as phyla and classes. For each band sequence, the two most similar public sequences were included as well a number of sequences representative either of well-established species or of some clone sequences known to be frequently isolated from freshwater. Distances were calculated according to the Kimura two-parameter method (Phylogeny Inference Package, version 3.63; distributed by J. Felsenstein, Department of Genetics, University of Washington, Seattle) and using parts of the sequences common to all sequences analyzed. Trees were drawn according to BIONJ (8) . A total of 1,000 bootstrap replications were done to test for branch robustness. Bootstrap percentages above 50% only are indicated on the trees. Trees were drawn using NJPLOT (27) or TreeDyn (http://www.treedyn.org/).
Nucleotide sequence accession numbers. Band sequences determined in this study have been deposited in the GenBank database under accession no. DQ077555 to DQ077627.
RESULTS AND DISCUSSION
Overall community structure of the microflora in the DWSS. A whole DWSS was studied with raw water coming from two different reservoirs: i.e., the oligotrophic Grane reservoir and the dystrophic Ecker reservoir (Fig. 1) . Samples from various sampling points at major steps in the treatment of the raw water and along the supply system were taken and analyzed by SSCP community fingerprinting. Both types of nucleic acids (i.e., DNA and RNA) extracted from the water samples were used to assess the present and active bacterial groups in the single water samples (Fig. 2a and b) .
For the DNA-based fingerprints, very significant differences between the bacterial microflora of the two reservoirs could be detected (Fig. 2a) . Comparative cluster analyses of the DNAbased fingerprints revealed three major types of communities: (i) the Grane reservoir samples, (ii) the Ecker reservoir samples, and (iii) samples of the supply system after chlorination (Fig. 3a) . These three sets of samples clustered very tightly together, with a similarity of more than 80% among each other. The first chlorinated water samples (GT and ET) and the drinking water sample from 15 October 2003 were less related to the other samples (Fig. 3a) .
For the comparison of bacterial communities in the DWSS, the following aspects have to be taken into account: (i) the different steps of the processing in two different waterworks (corresponding to the two different raw waters G and E), (ii) the changes in the drinking water distribution system (DWDS) (i.e., samples Lb, Li, and DW June 11), and (iii) the different time points on the tap side of the system (DW June 11, DW June 16, and DW October 15). The differences between the two reservoir communities were very pronounced and can be understood by the different natures of the aquatic environments. The influence of the treatment of the raw water by flocculation and sand filtration was relatively small. The unspecific removal of particles during these treatments was obviously not affecting the community structure significantly (comparison of the samples GR1/GR2 and ER1/ER2, respectively). Chlorination (samples GT and ET) did show a substantial influence on the community structure of the Grane reservoir water, as can be seen by its low similarity to samples before chlorination. The effect of chlorination was less pronounced in the Ecker reservoir water because the ET sample still clustered with a similarity of about 70%, closest to the other Ecker reservoir samples (Fig. 3a) .
After chlorination, the drinking water leaves the waterworks and gets mixed in the storage container at Lewerberg (Lb). All samples of the DWDS (Lb, Li, and DW) showed almost identical fingerprints (similarity greater than 85% in Fig. 3a) . In addition, most of the bands derived from fingerprints of the DWDS samples were already found in the Grane raw water, i.e., GR1 and GR2, as indicated by the tight clustering of both groups of samples at a similarity of around 75% in Fig. 3a . The drinking water sample from 15 October clustered apart from the other drinking water samples but still showed almost 50% similarity to the other drinking water samples from June.
The cluster analysis of the RNA-based fingerprints also showed substantial differences between the bacterial community structures of the two reservoirs (Fig. 3b) . As for the DNAbased fingerprints, there was not much influence by the processing of the raw water on the RNA-based fingerprints and Table 2 . Designations of single samples: ST, standards; GR1, raw water from Grane reservoir; GR2, processed raw water from Grane reservoir; GT, chlorinated water from Grane reservoir; ER1, raw water from Ecker reservoir; ER2, processed raw water from Ecker reservoir; ET, chlorinated water from Ecker reservoir; Lb and Li, Lewerberg and Lindenberg storage containers; DW, tap water samples from the respective dates. The asterisk indicates that this phylotype has a slightly different sequence from the phylotype provided under the accession number in Table 2 Table 3 .
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on August 12, 2015 by GESELLSCHAFT FUR BIOTECHNOhttp://aem.asm.org/ chlorination showed a strong impact which could be seen for both types of processed raw water (GT and ET). In contrast to the DNA-based observations, the chlorinated Ecker water sample ET clustered with the other raw water samples, whereas the chlorinated Grane water sample GT clustered with the drinking water samples. The DWDS samples all clustered together, but the two storage containers (Lb and Li) were substantially more different from the tap water samples than by the DNA-based fingerprints. Taxonomic composition of the microbial communities. We sequenced a total of 216 bands from the DNA-and RNAbased community fingerprints for the assessment of the taxonomic composition of the single drinking water communities. Among these sequences, 71 unique phylotypes were detected using a limit of Ն98% sequence similarity and phylogenetic uniqueness as discrimination criteria (Tables 2 and 3 ). Sequences of the single bands were compared with the large data set of 16S rRNA gene sequences available in the GenBank database for identification of the single members of the microflora in this DWSS (Tables 2 and 3) . DNA-based fingerprints revealed several members of taxonomic groups typical for freshwater according to Zwart et al. (48) , such as Alphaproteobacteria, Betaproteobacteria, Bacteroidetes, and particular freshwater members of the Actinobacteria (Table 2 ). In addition, one phylotype belonged to the Firmicutes and two phylotypes belonged to candidate division OD1, so far only known from clone libraries of aquatic environments (12) . Whereas the three taxonomic groups mentioned first above were also observed in the RNA-based fingerprints, five additional aquatic phyla were detected in the RNA-based fingerprints: i.e., Planctomycetes, Verrucomicrobia, Acidobacteria, Cyanobacteria, and Nitrospira (Table 3) .
There was little overlap between the DNA-based and RNAbased phylotypes (Tables 2 and 3) . Only eight phylotypes, Fig. 2a . b Phylotype also found in the RNA-based fingerprints (Fig. 2b) . c NA, not applicable (i.e., the closest described relative has a similarity of Ͻ80%, as indicated in Materials and Methods).
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c Plastid of eukaryotic algae.
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footnoted in Table 2 , occurred in both types of fingerprints. Fifty-five RNA-based phylotypes (Tables 2 and 3) were found in comparison to 24 DNA-based phylotypes (Table 2) , indicating a much higher diversity in the RNA-based fingerprints. This finding was supported by the higher number of bands per sample in the RNA-based fingerprints. Some taxonomic groups, like the Actinobacteria, Firmicutes, and candidate division OD1, were only detected by DNA-based fingerprints, whereas the five phyla mentioned above and the Gammaproteobacteria were only detected by RNA-based fingerprints. Only 7 of the 71 phylotypes had isolated bacteria or described species as the closest phylogenetic relatives, indicating that the majority of the phylotypes were related to uncultured bacterial taxa (Tables 2 and 3 ). Detailed phylogenetic analysis demonstrated for the Acidobacteria that all eight phylotypes clustered, despite their broad phylogenetic distribution, among the uncultured acidobacterial sequences very distant from cultured species (Fig. 4a) . Similarly, the phylotypes from the Actinobacteria clustered among the uncultured freshwater clusters identified by Zwart et al. (48) away from the freshwater isolates obtained recently by Hahn et al. (11) (Fig. 4b) . This distance to cultured species is also indicated by their low 16S rRNA gene sequence similarity, around 90% or below, to cultured species ( Table 2) . The phylotypes belonging to other major phyla, like Bacteroidetes and Betaproteobacteria, also showed a broad phylogenetic distribution (Fig. 4c and d) but with a closer relationship to cultured species as indicated by their average sequence similarities to cultured bacteria of around 90 and 96%, respectively (Tables 2 and 3) . Overall, we could show that more than 90% of the identified phylotypes belonged to uncultured taxa with a broad spectrum of taxonomic groups commonly found in freshwater.
On the other hand, about 21% of the phylotypes (i.e., 15 phylotypes given in Tables 2 and 3 ) could be identified to the species level, if we assume the commonly accepted 97% sequence similarity threshold for 16S rRNA gene sequences of the same species. Taxonomic identification is of great relevance for the assessment of human health risk of a specific phylotype detected. For example, most enteropathogenic bacteria, like Salmonella enterica serovar Typhi and Vibrio cholera, belong to a narrow clade within the Gammaproteobacteria. The two gammabacterial phylotypes detected, 48 and 49 (Table 3) , were only distantly related (about 92% sequence similarity) to Gammaproteobacteria of genera found only in natural environments. Therefore, a human health threat from these phylotypes is very unlikely. Other phylotypes, belonging to Acidobacteria or freshwater Actinobacteria, are also quite unlikely to be of relevance to human health, because the whole phylum or its environmental part contains no known pathogenic species. One caveat about assessing human health impact from these fingerprint-derived phylotypes is the detection limit of this approach for the single phylotype. It is generally assumed that the detection limit for PCR-based community fingerprints is about 0.1% relative abundance for a single taxon or band. The average total cell count for the drinking water samples was about 3 ϫ 10 7 cells per 100 ml, resulting in a detection limit of 3,000 cells per 100 ml. Considering the current EU requirement for drinking water based on cultivation (i.e., less than 1 E. coli CFU per 100 ml), there is a difference in the sensitivity between both methods of more than 3 orders of magnitude. This renders cultivation-based methods substantially better than community fingerprinting for monitoring the hygienic quality of drinking water.
We compared the occurrence of the major phylogentic groups in the three types of water studied, i.e., Grane reservoir water (samples GR1, GR2, and GT), Ecker reservoir (ER1, ER2, and ET), and drinking water (Li, Lb, DW11, DW12, and DW15) (Fig. 5) . The most pronounced difference occurred between the DNA-based and the RNA-based fingerprints ( Fig.  5A and B) , as detailed above. Mostly all types of water contained the same major groups, except that candidate division OD1 was a marker for Ecker reservoir water and Verrucomicrobia only occurred in the Grane reservoir water. The comparison of the origins of the closest sequences related to the phylotypes (Tables 2 and 3 ) revealed an additional aspect of the particular contributions of the different types of reservoir waters to the whole microbial community within the distribution system and at the consumer's tap. Taxa belonging to fresh- water groups were found in both reservoirs, whereas phylotypes having a closer relationship with soil bacteria originated almost entirely from the dystrophic Ecker reservoir (i.e., phylotypes 23, 45, 83, 88, and 89). These results might indicate a significantly higher introduction of soil material and associated bacteria from the large bog area of the central Harz mountains into the Ecker reservoir compared to the Grane reservoir. These soil-specific phylotypes, especially the two deep-branching acidobacterial phylotypes 88 and 89 (Fig. 4a) , could function as taxonomic signatures for the microflora of the Ecker reservoir in RNA-based fingerprints. Dynamics of the microbial communities in the DWSS. The dynamics of the community composition in the DWSS is relatively easy to understand for the DNA-based fingerprints (Fig.  2a) . Six phylotypes (1, 16, 18, 21, 22, and 35) from the Grane reservoir water were also observed in the tap water or the DWDS starting with the Lewerberg (Lb) sample. Only two phylotypes, 6, and 8, could have come from the Ecker reservoir water due to corresponding bands in the drinking water fingerprints. The five additional phylotypes found in the drinking water samples (i.e., 10, 26, 31, 32, and 37), were sporadic (26) or could also have come from the Grane water (10, 31, 37) due to their running position on the gel but were not identified by sequencing. Overall, the DNA-based fingerprints of the drinking water at the tap side of the DWSS demonstrated that the drinking water still contained most of the indigenous microflora of the surface reservoirs, with dominance by the Grane reservoir microflora. This finding is in accordance with the cluster analysis of the fingerprints (Fig. 3a) , where the Grane raw water samples clustered with about 75% similarity with the drinking water samples. Therefore, structural and compositional dynamics of the microflora showed comparable changes; i.e., the overall community structure and the abundant members showed corresponding dynamics.
The dynamics of the bacterial community in the DWSS was more complex for the RNA-based than for the DNA-based fingerprints due to the higher number of bands per sample and their higher diversity. Only two major phylotypes, 43 and 77, from the chlorinated Grane water sample (GT), were found among the dominating bands of the DWDS (Fig. 2b) . Two other phylotypes, 61 and 68, from the GT sample were detected sporadically in the drinking water samples. From the chlorinated Ecker water sample ET, one phylotype, 56, contributed to the drinking water microflora in addition to the two phylotypes 12 and 82 coming from the Grane raw water sample GR1. Five out of the seven phylotypes were detected in chlorinated water and not detected in the raw water before chlorination. Overall, more than half of the phylotypes in the drinking water after chlorination were not detected in the raw water. Thus, the amount of new phylotypes detected after chlorination in the DWDS by RNA-based fingerprints was substantially higher than that detected by the DNA-based fingerprints.
In terms of functional groups, the detection of nitrifying bacteria in the RNA-based fingerprints was important. Betaproteobacterial nitrifiers of the species Nitrosospira briensis (phylotypes 41 and 43) and Nitrosomonas ureae (phylotype 42) and members of the phylum Nitrospira (phylotypes 58, 61, 76, and 96) occurred only after chlorination. More specifically, almost all nitrifiers occurred first in the chlorinated Grane water sample (GT) while no nitrifiers were detected in water from the Ecker reservoir. The ammonia-oxidizing species Nitrosospira briensis (phylotype 43) and the nitrite-oxidizing species "Nitrospira moscoviensis" (phylotypes 61 and 96) were abundant in all drinking water samples and could be responsible for the respective biogeochemical process in the drinking water. Several other studies have reported the occurrence of nitrifying bacteria in drinking water supplies (20, 30, 31) .
For an understanding of the dynamics of the community composition based on changes in the banding pattern of SSCP fingerprints, it is necessary to keep in mind that multiple bands of the same phylotype can occur in these fingerprints (34) . These multiple bands occur for the following reasons: (i) identical phylotypes can have up to 2% sequence variation according to our threshold value, and these small sequence differences lead to different running distances (see for example phylotypes 18 and 18* in Fig. 2a) ; and (ii) some amplicons form molecules with a different shape, so-called "conformers," that have a different running behavior during electrophoresis despite their identical sequences (see, for example, phylotype 16 in Fig. 2a) . A special case of multiple bands was the occurrence of very closely related double bands (e.g., phylotypes 1 and 22 in Fig. 2a ). These close double bands always had identical sequences and were not labeled twice with a phylotype number.
Insights into bacterial communities by DNA-derived and RNA-derived fingerprints are based on the general assumption that the DNA-derived fingerprints represent the bacterial taxa present in the water sample and the RNA-derived fingerprints represent the active taxa. This general understanding is based on the concept that the number of ribosomes per cell is a good measure of the overall activity of the cell, i.e., its growth rate (33) . This concept was exemplified by a variety of bacterial species, but it cannot be assumed for all taxa (6, 15) . However, several potential pitfalls have to be taken into account that could skew the assessment of the single phylotypes in the fingerprints: (i) reduced RT-PCR efficiency, (ii) low RNA content of small cells, and (iii) high RNA content of inactive cells. Detection of bacterial groups by DNA-based and not by RNAbased fingerprints could be explained if their cells are known to be very small and contain little RNA. This was reported for freshwater Actinobacteria (37) and could explain our results if we assume, as others have demonstrated (40) , that the cDNA bands in the RNA-based fingerprints are a good representation of the RNA content of the respective samples. In addition, a reduced abundance of Actinobacteria has been observed in RNA-derived fingerprints from bacterioplankton of a Finnish lake where Actinobacteria were highly abundant in DNA-derived fingerprints (16) . For nitrifying bacteria, it was demonstrated that they contained a high number of ribosomes at a rather low growth rate (41) . Therefore, we assume that their relatively high ratio of RNA to DNA let them show up primarily in the RNA-based fingerprints. Most convincing for the assumption that the RNA-derived fingerprints represent an activity indicator was the observation that RNA-derived fingerprints changed strongly after chlorination, including the occurrence of many new phylotypes that had not been detected in the raw waters before. In contrast, the DNA-derived fingerprints behaved rather conservatively and did not show a pronounced community shift. We hypothesize, therefore, that many dead cells present in the drinking water after chlorination are detected by the DNA-based fingerprints. Therefore, RNA-based fingerprints are better suited to assess community shifts in drinking water than DNA-based fingerprints.
Community fingerprints as indicators of stability and functioning of the drinking water microflora. To our best knowledge, this is the first study comparing the drinking water microflora of the bulk water of a complete DWSS from source to tap using culture-independent molecular techniques. During the last several years, several molecular studies of drinking water biofilms and model systems have been done, including studies done with a metagenome library (4, 35, 46) . Our study of the microbial communities in the DWSS of the city of Braunschweig was targeted at bulk water and the understanding of the influence of the two different sources for raw water, the processing of these raw waters to drinking water, and transport along the 40-km-long supply system. The SSCP fingerprints clearly demonstrated that the microflora of the two reservoirs were very different. The first step in the processing of the raw water (i.e., flocculation of the water with aluminum sulfate followed by sand filtration) did not change the structure and composition of the microflora, as indicated by both types of fingerprints. Only the last step of drinking water processing, chlorination, had a significant effect. When the drinking water entered the supply system it was mixed from the waterworks in the first storage container (Lb); therefore, the microflora showed a mixed structure and composition reflecting elements from both raw waters. This mixed structure did not change much during transport to the city of Braunschweig, which takes about 40 h, and remained rather constant for several months.
The origin of the raw water (i.e., the microflora of the two drinking water reservoirs) had great influence on the taxonomic composition of the drinking water microflora, as revealed by the sequencing of the bands from the different reservoir samples. In addition, the large amount of terrestrial taxa in the Ecker reservoir raw water indicated a stronger influence of the drainage basin on the raw water of this reservoir than on the Grane reservoir raw water that was composed of classical freshwater taxa such as Betaproteobacteria, Actinobacteria, and Planctomycetes. A second important effect on the taxonomic composition of the microflora of the DWSS stemmed from the chlorination as detected best by the RNA-based fingerprints. It is well known that chlorination not only kills most bacterial cells but it also produces an increase in assimilable organic carbon (AOC) due to the reaction of free chlorine with the dissolved organic carbon (DOC) present in natural water (29) . This AOC consists of a variety of low-molecular-weight compounds that provide substrates for the growth of heterotrophic bacteria (5, 13) . Therefore, substantial shifts in the community structure and composition can be expected after chlorination. Overall, the SSCP fingerprints indicated that the source water microflora and the selection process initiated by chlorination shaped the structure and composition of the microflora in the drinking water which is consumed at the tap. We assume that our findings are valid for comparable DWSS in moderate climate and with relative low residence times of the drinking water in the supply system. Elevated temperatures in a hotter climate and compartmented household distribution systems could result in very different microflora in comparison to those in the source water (26) .
Key findings of our study were the stability of the drinking water community structure and composition over several months and the increase in activity and diversity of some functional groups like the nitrifiers as indicated by the RNA-based fingerprints. Substantially more phyla and single phylotypes were detected by the RNA-based fingerprints, in addition to the immediate detection of the impact of chlorination on the community structure. Therefore, RNA-based fingerprints could function as universal molecular indicators for the functioning of the drinking water microflora and could help in monitoring the stability of essential steps in the processing of the drinking water such as flocculation and chlorination. Regrowth of undesirable bacteria in the tap water would also be detected by these fingerprints. Such a molecular monitoring of the drinking water microflora could help save maintenance and operational costs for drinking water supply companies. Another advantage of the molecular approach would be that frozen filters with the sampled microflora or extracted nucleic acids can be stored for a long time and are available for later molecular analyses. These samples could provide the basis for a permanent record of the microbial drinking water quality and for later detection and quantification of specific microorganisms or genes of interest (e.g., by using quantitative PCR or DNA chip technology).
